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============

Photonic nanojets have been a hot topic among the scientific community in the past years due to their high focusing capabilities^[@CR1]--[@CR3]^. Nanojets can achieve subwavelength or even beyond the diffraction limit resolution, also known as superfocusing. In acoustics, analogous studies have been presented^[@CR4]--[@CR6]^ and acoustic jets have been experimentally demonstrated using a solid Rexolite sphere immersed in water^[@CR7]^ and a liquid cylinder shell filled with perfluorinated oil and surrounded by ethanol^[@CR8]^. Some approaches to achieve acoustic subwavelength focusing include acoustic metasurfaces with coiling-up space structures, Helmholtz resonators or membrane-type structures^[@CR9]--[@CR12]^. Other alternatives based on Super Oscillatory Acoustic Lenses (SOAL)^[@CR13]^ or ultra-compact planar metasurfaces have been implemented with subwavelength slits^[@CR14],[@CR15]^. However, the manufacturing stage of these kind of devices demands a complete 3D design and optimization of the structure when 3D focusing is required. In this sense, spherical acoustic lenses are simpler alternatives that can provide 3D superfocusing in the near field for a fixed focal distance.

Having accurate control of the focal length and achieving subwavelength resolution are important requirements in many acoustic focusing applications. In this sense, acoustic systems with dynamic control of the focus are advantageous over devices with a fixed focal length, since they can be adapted to operate in various application scenarios. Nowadays, conventional methods to control the focal length are mainly based on either changing the geometric profile of the lens^[@CR16]^, or modifying the properties of liquid crystals by applying an electric field^[@CR17]^. On the other hand, the devices capable of providing subwavelength resolution usually have a significant diameter of at least several tens of wavelengths, which results in bulky acoustic systems. With the introduction of acoustic jets, subwavelength focusing is now feasible even with lenses with mesoscale dimensions (diameter to wavelength ratio lower than ten). Mesoscale lenses involve the interaction of acoustic waves with structures of intermediate scale, which are too small to be described by traditional continuum methods. However, there are still no available systems which can provide at the same time both narrow focusing and dynamic control of the focal length while keeping compact dimensions in terms of the wavelength. Note that in reference^[@CR8]^ the diameter of the 2D lens was significant and did not meet the mesoscale requirement. In this work, we present a spherical lens with a diameter of 6.7*λ* capable of achieving subwavelength focusing with continuous control of the focal distance and both longitudinal and lateral resolutions.

The spherical lens consists of a hollow container filled with an inner liquid with certain acoustic properties. The sound speed contrast between the inner liquid and the host medium provides the focusing profile of the spherical lens. Thus, the lens focal length can be shifted by replacing the lens inner liquid with another one with different acoustic properties. However, this procedure requires to stop the focusing application during a certain amount of time while the lens is being emptied, cleaned and refilled with the new inner liquid. Alternatively, a more feasible solution would be to have a set of spherical containers with different inner liquids that comprise a certain focal length range and could be faster exchanged. In any case, this procedure would only allow a discrete set of focal lengths and would not be a real configurable lens because it would still require the interruption of the current application in order to modify the focal length.

Most liquid lenses employed for varifocal imaging are able to control their focal distance by modifying their shape^[@CR18]--[@CR20]^. Here, we propose a different approach based on filling the spherical lens ABS container with two miscible liquids of different sound speeds. Depending on the mixing ratio between the volumes of both liquids, the sound speed of the liquid mixture can be accurately adjusted to any desired value inside a continuous range, resulting in a shift on the lens focal distance. Moreover, the procedure used to adjust the volume ratio between both liquids can be fully automatized by connecting an input and an output port to the hollow container and determining the type and amount of liquid that has to be introduced to either increase or reduce the sound speed of the liquid mixture, thus achieving an easy-to-implement and dynamic control mechanism to shift the focal distance. Our approach presents two main advantages over other implementations based on spherical lenses. First, it allows a continuous shifting of the lens focal distance and moreover, it can be implemented as a dynamic configurable procedure which does not require the interruption of the focusing application to modify the properties of the acoustic jet. Thus, this method provides an additional degree of flexibility for spherical lenses that has not been previously reported in literature to the best of our knowledge. Experimental measurements for ethanol-water liquid mixtures are presented, showing good agreement with numerical results and demonstrating the viability of this type of lenses.

Results {#Sec2}
=======

An acoustic jet can be characterized by its focal distance (*F*) and its resolution in both the longitudinal and lateral directions, parameters which specify the location and shape of the jet^[@CR6]^. In this paper, the focal distance is defined as the distance between the center of the spherical lens and the location of the maximum inside the focus. Longitudinal and lateral resolutions are determined by the full length half maximum (FLHM) and the full width half maximum (FWHM), respectively. Both FLHM and FWHM parameters measure the interval in which the acoustic intensity is reduced to half of its maximum value in their respective axes. All these three parameters depend on the refraction index of the inner liquid, which is defined as *n* = *c*~0~/*c*~*m*~, being *c*~0~ the sound speed of the host medium and *c*~*m*~ the sound speed of the inner liquid. As stated above, when two miscible liquids are used, the refraction index of the liquid mixture can be precisely and continuously controlled by varying the mixture volume ratio between both liquids.

The spherical shell of the lens has a thickness *t*~*h*~ ≪ *λ* and a diameter *D*. This container is filled with an inner liquid mixture with density *ρ*~*m*~ and sound speed *c*~*m*~. The lens is placed inside a water tank with density *ρ*~0~ and sound speed *c*~0~ at a distance *d* from a directional ultrasound transducer. The inner liquid used in this work is a mixture of ethanol and water. The mixture can be characterized by the volume fraction, *φ*, defined as$$\documentclass[12pt]{minimal}
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                \begin{document}$$\phi =\frac{{V}_{w}}{{V}_{w}+{V}_{e}},$$\end{document}$$where *V*~*w*~ and *V*~*e*~ are the water an ethanol volumes used to produce the mixture, respectively.

Figure [1(a)](#Fig1){ref-type="fig"} depicts a schematic concept of the fully automated spherical lens. As stated before, the mixing ratio between both liquids can be controlled by introducing the correct amount of one of the substances through the input connection and extracting the correct volume of the previous mixture through the output connection. Figure [1(b)](#Fig1){ref-type="fig"} shows the acoustic properties of the ethanol-water liquid mixture as a function of the volume fraction. This measures have been used to obtain second order polynomial fits depicted as dashed lines, which provide continuous characterization of the liquid mixture in the 0 \< *φ* \< 0.5 range. As it can be observed from Fig. [1(b)](#Fig1){ref-type="fig"}, the sound speed of the liquid mixture is higher than that of both water and ethanol for certain *φ* values, ranging from 1174 to 1547 m/s for volume fractions between 0 and 50%.Figure 1(**a**) Schematic concept of the fully automated lens and (**b**) acoustic properties (density in blue and sound speed in red) of the liquid mixture against the volume fraction (*φ*). Experiments (squares) and polynomial fits (dashed lines).

In this work, the spherical lens has a diameter *D* = 40 mm and a shell thickness of *t*~*h*~ = 0.25 mm. The thickness of the spherical container is a parameter that affects the generation of the acoustic jet and can be optimized for a certain inner liquid using FEM simulations. However, when dealing with liquid mixtures, the optimum container thickness is different at distinct volume fractions, and therefore, the whole range of volume fractions should be considered to determine the overall optimum thickness. The working frequency is fixed to *f*~0~ = 250 kHz. Acoustic jets are generated using spherical lens with diameters between 3 and 30 wavelengths. Under this assumption, the working bandwidth of the proposed lens would be ranging from 110 kHz to 1.12 MHz, approximately. This operating bandwidth can be further shrunk due to additional limitations such as the emitter transducer bandwidth. Figure [2](#Fig2){ref-type="fig"} shows the acoustic jet parameters as a function of the volume fraction computed using the FEM model described at the Methods section. The properties of the liquid mixture of the FEM model have been obtained from the polynomial fits depicted in Fig. [1(b)](#Fig1){ref-type="fig"}. The volume fraction ranges from 0%, which corresponds to pure ethanol with a refraction index of *n*~*m*~ = 1.269, to 20% (*n*~*m*~ = 1.1). In Fig. [2](#Fig2){ref-type="fig"}, squares represent numerical results, whereas dashed lines represent the corresponding polynomial fits. Figure [2(a)](#Fig2){ref-type="fig"} depicts the focal distance for the spherical lens as a function of the filling fraction. As it can be observed, the focal distance follows a smooth quadratic tendency that increases with the *φ* parameter and allows a fine and continuous control of the focus location. Figure [2(b)](#Fig2){ref-type="fig"} depicts the longitudinal (blue) and lateral (red) resolutions against *φ*. As it can be observed from the figure, both parameters present a similar quadratic dependence on the *φ* parameter than that of the focal distance. This means that as the volume fraction increases, the resolution of the lens is reduced in both the longitudinal and the lateral directions. Moreover, Fig. [2(b)](#Fig2){ref-type="fig"} shows that if subwavelength resolution is required (FWHM \< 5.96 mm), the volume fraction has to be lower than 9% approximately.Figure 2Simulated acoustic jet parameters vs. *φ*: (**a**) focal distance, (**b**) FLHM (blue) and FWHM (red).

Therefore, the simulation results depicted in Fig. [2](#Fig2){ref-type="fig"} can be used to obtain the required volume fraction in order to achieve a specific focal distance and resolution. With this information, an automated mechanism could be implemented to adjust the volume fraction of the mixture as shown in Fig. [1(a)](#Fig1){ref-type="fig"}.

Experimental results have been carried out in order to validate the proposed method. Figure [3](#Fig3){ref-type="fig"} depicts the measured intensity maps for three different volume fractions. Figure [3(a)](#Fig3){ref-type="fig"} corresponds to pure ethanol (*φ* = 0.00%), while 3(b) and 3(c) correspond to *φ* = 6.30% and *φ* = 9.09%, respectively. Sound speed and density values for these volume fractions have been obtained from the polynomial fits shown in Fig. [1](#Fig1){ref-type="fig"}. Each map is normalized to its maximum intensity value. As it can be observed, there is a focal displacement in the acoustic jet, and the focal distance increases with the *φ* parameter. Moreover, the focal area spreads out in both longitudinal and lateral directions, as expected from the simulation results shown in Fig. [2](#Fig2){ref-type="fig"}.Figure 3Measured normalized intensity maps: (**a**) *φ* = 0.00%, (**b**) *φ* = 6.30% and (**c**) *φ* = 9.09%.

Figure [4](#Fig4){ref-type="fig"} depicts the focusing profiles for the three volume fractions that have been previously considered. Figure [4(a)](#Fig4){ref-type="fig"} shows the three computed focusing profiles for comparison purposes, while Fig. [4(b)](#Fig4){ref-type="fig"} shows three separated plots with the experimental measurements (solid lines) and the simulations results (dashed lines) at each volume fraction. As it can be observed from Fig. [4](#Fig4){ref-type="fig"}, the pure Ethanol lens with *φ* = 0% provides the shortest focal distance with the highest longitudinal resolution, while the ethanol-water mixture with *φ* = 9.09% achieves the longest focal distance with the lowest resolution. The *φ* = 6.30% configuration provides intermediate values for both focal distance and longitudinal resolution.Figure 4Focusing profiles at *r* = 0: (**a**) simulation results and (**b**) experimental measurements (solid lines) compared to their simulated counterparts (dashed lines).

Figure [5](#Fig5){ref-type="fig"} depicts the transversal intensity cuts at *z* = *F* for the three volume fractions that have been previously considered. Figure [5(a)](#Fig5){ref-type="fig"} shows the three computed transversal cuts for comparison purposes, while Fig. [5(b)](#Fig5){ref-type="fig"} shows three separated plots with the experimental measurements (solid lines) and the simulations results (dashed lines) at each volume fraction. As it can be observed from Fig. [5](#Fig5){ref-type="fig"}, the pure ethanol lens (*φ* = 0%) achieves the highest lateral resolution providing the narrowest focal spot with a measured FWHM of 5.1 mm, which corresponds to 0.856*λ*. The *φ* = 6.30% lens provides a measured lateral resolution of 5.638 mm (0.946*λ*). Finally, the *φ* = 9.09% configuration shows the lowest resolution, with a FWHM of 6.293 mm (1.056*λ*). These experimental results agree with the numerical simulations, and demonstrate that spherical lenses filled with ethanol-water mixtures can provide subwavelength resolution for a water volume ratio lower than 9%, achieving a continuously tunable focal distance ranging from 35 to 43 mm.Figure 5Transversal intensity cuts at *z* = *F*: (**a**) simulation results and (**b**) experimental measurements (solid lines) compared to their simulated counterparts (dashed lines).

Table [1](#Tab1){ref-type="table"} shows the acoustic jet parameter simulation and experimental values for the three volume fractions previously considered. As it can be observed from Fig. [5](#Fig5){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}, FEM results are in good agreement with experimental measurements. The lowest focal distance is achieved when the spherical lens is filled with pure ethanol (*φ* = 0%), and corresponds to a measured value of *F* = 35.25 mm or *F* = 5.91*λ*. The focal distance is shifted to 40.25 and 44.25 mm, when the volume fraction is modified to *φ* = 6.30% and *φ* = 9.09%, respectively. Lateral and longitudinal resolutions also exhibit similar tendencies with *φ*, increasing their value quadratically as the volume fraction augments and showing a linear dependence with the focal distance. Lateral resolution is below the wavelengh for both *φ* = 0% and *φ* = 6.30% achieving FWHM values of 0.86*λ* and 0.95*λ*, respectively. These results demonstrate that the dynamic control of the liquid mixture sound speed allows a continuous shift of the focal length, while the lateral resolution can be kept below the wavelength for a certain focal length range.Table 1Measured (EXP) and simulated (FEM) acoustic jet parameters for different *φ* values.*φ* (%)*F* (mm)*F* (*λ*)FLHM (mm)FLHM (*λ*)FWHM (mm)FWHM (*λ*)0.00EXP35.255.9120.613.465.100.86FEM34.595.8020.033.364.910.826.30EXP40.256.7526.034.375.640.95FEM38.836.5224.914.185.390.909.09EXP44.257.4231.455.286.291.06FEM42.807.1832.005.375.951.00

Discussion {#Sec3}
==========

Spherical lenses filled with liquid mixtures provide a continuous and dynamic control mechanism to adjust the lens focal distance, while maintaining a good lateral resolution. By shifting the volume ratio between both liquids, all acoustic jet parameters can be accurately tuned. A configurable spherical lens filled with ethanol and water has been experimentally characterized, measuring its acoustic intensity map for three different volume fractions. Simulation and experimental results show good agreement, demonstrating the performance of these lenses, which present a significant advantage over conventional single liquid spherical lenses, and are very appealing for many acoustic applications, such as acoustic microscopy. The lateral resolution is kept below the wavelength for a certain volume fraction range between 0% and 9%. This lateral resolution could be further increased, going beyond the diffraction limit, by selecting two different miscible inner liquids, such as ethyl iodide and ethanol, with the requirement that one of these liquids (ethyl iodide) presents a higher sound speed contrast with the host medium. Numerical simulations show that a pure ethyl iodide lens can achieve a lateral resolution of 0.42*λ*, which is beyond the diffraction limit. Thus, this work opens new possibilities to implement higher resolution compact acoustic systems with continuous tunability of the main focusing parameters of the jet.

Methods {#Sec4}
=======

Numerical model {#Sec5}
---------------

The acoustic pressure generated by the spherical lens has been numerically calculated using a Finite Element Method (FEM) model and the commercial software COMSOL Multiphysics. The numerical model is implemented as a 2D axisymmetric problem, because both transducer and spherical lens present rotation symmetry. The spherical container is made of ABS plastic with thickness *t*~*h*~ = 0.25 mm and diameter *D* = 40 mm. The directional transducer has been implemented as a pressure condition at a distance *d* = 340 mm from the ABS sphere with *a* = 15 mm being half the active diameter of the transducer. The working frequency is fixed to *f*~0~ = 250 kHz, which provides a diameter to wavelength ratio of *D*/*λ* = 6.7. A radiation condition is established at the boundaries in order to emulate the Sommerfeld radiation condition and avoid reflections. In order to consider the elastic properties of the solid ABS shell, the FEM model implements the acoustic-structure multiphysics interface. ABS has been modelled as a linear elastic material characterized by its Young modulus (*E*~*s*~), Poisson ratio (*ν*~*s*~) and density (*ρ*~*s*~). Figure [6](#Fig6){ref-type="fig"} depicts a schematic diagram of the FEM model and Table [2](#Tab2){ref-type="table"} shows the properties of the different materials used in the simulation.Figure 6Schematic of the FEM model geometry and boundary conditions.Table 2Properties of the spherical lens materials.MaterialPropertiesWater*ρ*~0~ = 1000 kg/m^3^, *c*~0~ = 1490 m/sEthanol*ρ*~*m*~ = 793 kg/m^3^, *c*~*m*~ = 1174 m/sABS*ρ*~*s*~ = 1050 kg/m^3^, *E*~*s*~ = 3 GPa, *ν*~*s*~ = 0.35

Experimental set-up {#Sec6}
-------------------

Experimental measurements have been carried out in order to validate the numerical results. The experimental set-up consists of a 3D automated positioning system immersed in a 1 × 0.5 × 0.5 m^3^ tank filled with distilled water. A needle hydrophone with a diameter of 1.5 mm and −4 dB bandwidth ranging from 200 kHz to 25 MHz is employed as receiver. The hydrophone is fixed to a programmable robotic arm, which can move in any of the three spatial directions with a resolution of 1 × 1 × 1 mm^3^. An Imasonic directional transducer with 30 mm of active diameter and a working frequency of 250 kHz is used as emitter. Figure [7](#Fig7){ref-type="fig"} shows a picture of the experimental set-up. The spherical lens is attached to a filament to keep it in place.Figure 7Experimental set-up.
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